1. Introduction {#sec0005}
===============

The endogenous cannabinoid system, including cannabinoid receptors (CB1 and CB2), is known to modulate appetite and food intake \[[@ref001]\]. In contrast to the CB1 receptor that increases the rewarding effects of food and promotes the growth of adipocytes, the CB2 receptor is well known for its anti-obesity effects silencing the activated immune cells that are key drivers of the metabolic syndrome \[[@ref002]\]. The recent localization of the CB2 receptor also in brain regions mediating appetite \[[@ref004]\], and in peripheral metabolically active sites including the liver \[[@ref006]\], adipose tissue \[[@ref007]\], and etc., highlights the possible role of this receptor in energy homeostasis.

Recent studies demonstrate that CB2 receptor deficiency in mice causes obesity and overall hypertrophy of visceral fat \[[@ref008]\]. Moreover, the deletion of CB2 receptors leads to obese phenotype characterized by increased food intake and body weight \[[@ref003]\]. Obese phenotype mainly consists in an increase of neutral lipids stored in the adipose tissue that markedly increases its cells size (hypertrophy) and number (hyperplasia) \[[@ref009]\]. In adipose tissue, fat laden adipocytes initiate inflammatory response by producing cytokines and chemokines that promote recruitment of proinflammatory macrophages with further amplification of local inflammatory \[[@ref010]\]. An inflamed adipose tissue can contributes to the onset of metabolic diseases, as cancer \[[@ref011]\].

Tumor growth and abnormal cell proliferation are shown to be associated with a number of cellular metabolic alterations affecting adipocytes \[[@ref012]\]. It is worth mentioning that in tumor microenvironment, adipocytes, representing the major source of energy for cancer cells, can revert from mature, differentiated adipocytes to pre-adipocytes \[[@ref013]\]. A chronic energy surplus induces acute deterioration of the adipose tissue's endocrine function and significant alterations in the cellular distribution \[[@ref014]\]. The substantial infiltration of inflammatory cells into adipose tissue not only modifies the local metabolism but also may have deleterious effects in many cells, including colonic cells \[[@ref015]\]. Pronounced morphologic and molecular alterations of adipose tissue have been observed in tumor-bearing mice \[[@ref016]\]. The tumor burden seems to alter adipose tissue mass and function by affecting the expression of genes that control lipogenesis and lipid utilization. For this purpose, here, we have studied the metabolic activity and inflammation status of adipose tissue of Apc^Min/+^ mice, an experimental model of colorectal carcinogenesis. Apc^Min/+^ mice have a mutation in the murine homologue of the *APC*3 gene that is also mutated in humans with a genetic predisposition to develop multiple intestinal adenomas, such as familial adenomatous polyposis syndrome; *APC* mutations also frequently occur early in many spontaneously arising colorectal cancers \[[@ref017]\]. For these reasons, the Apc^Min/+^ mice are considered one of the most suitable models for colorectal cancer studies \[[@ref019]\], investigating the complex mutual relationships between colon cancer cells and their microenvironment.

In cancer cell metabolism, a pivotal role is played by lipogenic enzymes, as Lipoprotein Lipase (LPL) and Fatty acid synthase (FAS), and altered levels of their expression and activity are representative of events which sustain tumor growth \[[@ref020]\] Enzymatic activity changes have been also detected in peritumoral adipose tissue of colorectal cancer patients \[[@ref012]\], demonstrating an influence of tumor microenvironment on lipid metabolism in adipose tissue.

In order to evaluate the effects of a dietary treatment with natural components, as olive oil, omega- 3 and omega-6-PUFAs, on adipose tissue inflammation and metabolism, we evaluated, in the mice programmed to develop intestinal tumors, adipose tissue expression of CB2 receptor and nitric oxide synthase (NOS), as well as LPL and FAS enzymatic activity.

2. Materials and methods {#sec0010}
========================

2.1. Chemicals and antibodies {#sec0015}
-----------------------------

Reagents were obtained from the following sources: TRI-Reagent from Mol. Res. Centre Inc. Cincinnati, O, USA; iQ SYBR Green Supermix from Bio-Rad, Milan, Italy; all chemical reagents for lysis buffer, sample and reaction mix from Sigma-Aldrich (St. Louis, MO); polyvinylidenefluoride (PVDF) filters from BioRad Laboratories, Milan, Italy; anti-CB2-R antibody from Abcam, Cambridge, UK; anti-NOS1 antibody from Santa Cruz Biotechnology, Santa Cruz, CA, USA; anti-GAPDH antibody from Cell Signaling Technology, Beverly, MA, USA; ECL from Thermo Scientific, Rockford, IL, USA; horseradish peroxidase conjugated secondary antibody from Bio-Rad Laboratories; LPL activity Kit from Roar Biomedical, New York, NY; 2-^14^C-malonyl-CoA from Amersham Biosciences, UK.

2.2. Animals {#sec0020}
------------

Five-week-old C57BL/6J male mice with a heterozygote mutation for the *Apc* gene (Apc^Min/+^) were obtained from Charles River Laboratories Italia (Calco, LC, Italy). Mice were maintained under temperature-, air- and light-controlled conditions and received food and water *ad libitum*; they did not receive any surgical or hormonal manipulation. All animals received care in compliance with the "Guide for the Care and Use of Laboratory Animals". The procedures relating to animal use were communicated to the Italian Ministry of Health and approved. Apc^Min/+^ male mice were randomly divided into 4 groups of 10 animal each and fed for 10 weeks as follows: control (ST) group, receiving a purified AIN-93M standard diet (12.5% protein, 12% soybean oil, 3% cellulose fiber); olive oil (OO) group, receiving a purified AIN-93M standard diet in which soybean oil was replaced with olive oil (12.5% protein, 12% olive oil, 3% cellulose fiber); omega-3 PUFA (OM-3) group, receiving a purified AIN-93M standard diet in which soybean oil was replaced with salmon oil, rich in omega-3 PUFAs (12.5% protein, 12% salmon oil, 3% cellulose fiber); omega-6 PUFA (OM-6) group, receiving a purified AIN-93M standard diet in which soybean oil was replaced with 12% of oenothera oil rich in n-6 PUFAs. Fatty acid composition depended on the source of oil used. Soybean oil contained 27.55% of monounsaturated acids (MUFAs), 13.25% of saturated fatty acids, 57.8% of PUFAs (5.8% omega-3 PUFAs and 52% omega-6 PUFAs); olive oil contained 72--75% MUFAs, 13--9/16/201616% saturated fatty acids and 6--11.5% PUFAs (23); salmon oil fatty acid profile was 15% MUFAs, 8% saturated fatty acids and 77% omega-3 PUFAs. Oenothera oil contained 12% of MUFAs, 9% saturated fatty acids and 79% omega-6 PUFAs (11.2% *γ*-linolenic acid and 67.8% linoleic acid) (informative schedule given by the producer).

Parallel experiments were conducted in a group of 10 wild-type syngenic male mice (WT group) fed the standard diet, described above.

All diets were isocaloric and supplied as pellets (Mucedola Srl, Settimo Milanese, Italy) and mice body weights were recorded weekly.

After 10 weeks of dietary treatment, animals were killed by cervical dislocation and samples of visceral adipose tissue was removed, collected and stored at --80°C until assayed.

2.3. Gene expression analysis {#sec0025}
-----------------------------

Total RNA from samples of adipose tissue was isolated with TRI-Reagent following the manufacturer's instruction. Briefly, the tissue was homogenized in 0.25 ml of cold 0.9% NaCl; then, 0.75 ml of TRI-Reagent and 0.2 ml of chloroform were added to the homogenate. The samples were vigorously shaken and centrifuged and the RNA present in the aqueous phase was precipitated with 0.5 ml of isopropanol. The RNA pellet was washed once with 1 ml of 75% ethanol, dried, resuspended in sterile water and quantified by UV absorbance. 2 mg of total RNA were used for the reverse transcription reaction performed in 20μl of final volume at 41°C for 60 min, using 30 pmol of antisense primer ([Table 1](#nha-4-nha160008-t001){ref-type="table"}) for analyses of the CB2-R, NOS1 and the β-actin gene. Human β-actin gene was utilized as reference gene. Real-time PCRs were performed in 25μl of final volume containing 2μl of cDNA, master mix with SYBR Green and sense and antisense primers for the CB2-R, NOS1 and β-actin gene ([Table 1](#nha-4-nha160008-t001){ref-type="table"}).

Real-time PCR was carried out in an iCycler Thermal Cycler System apparatus (Bio-Rad) using the following parameters: one cycle of 95°C for 1 min and 30 s, followed by 45 cycles at 94°C for 10 s, 55°C for 10 s and 72°C for 30 s and a further melting curve step at 55 -- 95°C with a heating rate of 0.5°C per cycle for 80 cycles. The PCR products were quantified by external calibration curves, one for each tested gene, obtained with serial dilutions of known copy number of molecules (10^2^--10^7^ molecules). All expression data were normalized by dividing the target amount by the amount of β-actin used as internal control for each sample. The specificity of the PCR product was confirmed by gel electrophoresis.

2.4. Western blotting analysis {#sec0030}
------------------------------

Protein lysates were prepared by homogenizing adipose tissue in lysis buffer (150 mM sodium chloride, 50 mM Tris-HCl, pH 7.4, 1 mM ethylenediaminetetraacetic acid, 1 mM phenylmethylsulfonyl fluoride, 1% Triton X-100, 1% sodium deoxycholic acid, 0.1% sodium dodecylsulfate, 5μg/ml of aprotinin, 5μg/ml of leupeptin). Tissue and cell debris was removed by centrifugation. Protein concentrations were estimated by the Bio-Rad protein assay using BSA as standard. The lysates were boiled for 5 min in 1×SDS sample buffer (50 mM Tris-HCl pH 6.8, 12.5% glycerol, 1% SDS, 0.01% bromophenol blue) containing 5% Beta-mercaptoethanol.

Equal amount of protein (50 μg) were resolved on SDS--PAGE and transferred to polyvinylidenefluoride (PVDF) filters. After transfer, the membranes were blocked for 2 hours in 5% non-fat dry milk in Tris-buffered saline (TBS) and then incubated in primary antibodies overnight at 4°C.The primary antibodies were diluted 1 : 500 in blocking buffer and were directed against the following proteins: CB2-R, NOS1 and GAPDH. After overnight incubation, the membranes were further incubated with a horseradish peroxidase conjugated secondary antibody. The proteins were detected by chemiluminescence (ECL) and the densitometric analysis of each protein-related signal was obtained using the Molecular Imager Chemidoc TM (Bio-Rad Laboratories) and normalized against GAPDH expression.

2.5. Lipoprotein lipase activity assay {#sec0035}
--------------------------------------

LPL enzymatic activity was evaluated by a fluorescent method. Specimens of adipose tissue (approximately 50 mg) were homogenized in 20 mM Tris-HCl pH = 7.5, 1 mM DTT, 1 mM MgCl~2~, 1 mM EDTA, and centrifuged at 10000×*g* for 10 minutes at 4°C. Aliquots of supernatant (100μl) were incubated with 100μl of pre-diluited substrate emulsion at 37°C for 1 hour, according to the manufacturer's recommendations. The hydrolyzed triglycerides formed were measured at 370 nm excitation and 450 nm emission. The fluorescence intensity values of samples were compared with the fluorescence intensity values of standard curve applied on the same plate together with samples in each run. LPL activity was expressed as picomoles of hydrolyzed substrate per minute per milligram of total proteins, evaluated using Lowry method, (pmol/min/mg prot).

2.6. Fatty acid synthase activity assay {#sec0040}
---------------------------------------

FAS activity was determined on samples of adipose tissue after tissue homogenization and centrifugation. Aliquots of supernatant (50μl) were pre-incubated with 100 mM potassium phosphate buffer, pH = 7 for 15 min at 37°C. Subsequently, 20μl of reaction mix (2.5 mM NADPH, 1.25 mM acetyl-CoA, 1.25 mM malonyl-CoA and 0.02 mM 2-^14^C-malonyl-CoA (52 mCi/mmol) were added and samples were incubated for 10 min at 37°C. Reactions were stopped by the addition of 500μl of 1 N HCl/methanol (6 : 4,v:v); fatty acids were extracted with 1 ml of petroleum ether and incorporation of 2-^14^C-malonyl-CoA was analyzed by scintillation counting. FAS activity was expressed as picomoles of incorporated 2-^14^C-malonyl-CoA per minute per milligram of total proteins (pmol/min/mgprot).

2.7. Statistical analysis {#sec0045}
-------------------------

The significance of the differences among experimental groups was evaluated with one-way analysis of variance (ANOVA) and Dunnett Post Test. Differences were considered significant at *P* \< 0.05.

3. Results {#sec0050}
==========

All diets tested in this study were able to affect adipose tissue inflammation and metabolism in Apc^Min/+^ mice.

In particular, compared to transgenic mice fed standard diet (ST group), the levels of CB2 receptor gene expression were significantly higher in all treatment groups (*P* \< 0.005, ANOVA and Dunnett test, [Fig. 1](#nha-4-nha160008-g001){ref-type="fig"}, panel A). The induction was more evident in OO mice group, where olive oil administration restored the CB2 receptor mRNA levels to those detected in wild type mice. The CB2 receptor protein expression levels ([Fig. 1](#nha-4-nha160008-g001){ref-type="fig"}, panel B) were significantly increased in all treatment groups respect to ST group, except for wild type mice, where the protein levels were slightly increased. This different behavior of CB2 receptor protein respect to CB2 receptor mRNA levels in WT group can be due to a different rate of turnover and degradation of mRNA compared to protein.

The levels of NOS1 gene expression and protein ([Fig. 2](#nha-4-nha160008-g002){ref-type="fig"}, panel A and B, respectively) were significantly increased in all treated group mice when compared to Apc^Min/+^ mice fed standard diet. The highest levels of NOS1 gene expression and protein were detectable in OO and OM-3 groups mice (*P* \< 0.005, ANOVA and Dunnett test); this effects, probably, was due to omega-3-PUFA content of both administered diets.

Moreover, dietary olive oil, omega-3- and omega-6-PUFAs treatment caused, in mice adipose tissue, a reduction of LPL activity; this effect was more evident in OM-3 mice group even if not statistically significant ([Fig. 3](#nha-4-nha160008-g003){ref-type="fig"}, panel A, ANOVA and Dunnett test).

Differently, FAS activity was significantly reduced by olive oil and omega-3-PUFAs treatment and no effect on FAS activity was observed in OM-6 group ([Fig. 3](#nha-4-nha160008-g003){ref-type="fig"}, panel B).

4. Discussion {#sec0055}
=============

The present study points out that a nutritional intervention in Apc^Min/+^ mice, based on the intake of olive oil, omega-3- and omega-6-PUFAs, showed an anti-inflammatory effect in adipose tissue, acting directly on CB2 receptor and NOS1 expression modulation. In particular, the diet enriched with olive oil induced CB2 receptor expression and exerted an up-regulation of NOS1 enzyme. Distinct NOS isoforms have been described and they represent the products of three distinct genes \[[@ref022]\]: two constitutive and Ca^2 +^ dependent forms of NOS, including NOS1(also designated nNOS) and NOS3 (also designated eNOS); the inducible form of NOS, NOS2 (also designated iNOS) is a Ca^2 +^ independent enzyme. Over-expression of constitutive forms of NOS in adipose tissue has been demonstrated to prevent diet-induced obesity, whereas an increase of the inducible NOS seems to enhance both adipocyte size and inflammation \[[@ref023]\]. Recent studies have demonstrated that NOS seems to regulate inflammatory genes expression in adipose tissue \[[@ref024]\] and the inhibition of its activity has been demonstrated to promote adipose tissue inflammation\[[@ref026]\].

NOS1 has been demonstrated to modulate CB2 receptor gene transcription; increased transcription of CB2 receptor takes place in the peripheral and central nervous system of mice with neuropathic pain \[[@ref028]\]. In other pain models, such as acute and inflammatory models, a clear relationship between the CB2 receptor and nitric oxide-pathway activation has been extensively demonstrated \[[@ref029]\].

Moreover, in according to our previous results \[[@ref030]\], olive oil, as well as omega-3 PUFAs, exerted anti-proliferative effects in mice adipose tissue, by reducing LPL and FAS activity. LPL activity has been shown to be increased in areas containing actively proliferating cells in a variety of human sarcomas and carcinomas \[[@ref032]\]. LPL, as well as FAS are involved in tissue proliferation rate \[[@ref015]\]. Our previous study demonstrated that the lipogenic enzymes activity levels were significantly higher in cancer than in the corresponding normal colorectal mucosa \[[@ref012]\]. FAS has been demonstrated to be a functionally active enzyme in cancer and the fatty acid synthesis pathway is up-regulated in colorectal carcinoma \[[@ref033]\]. Previously, our *in vitro* study showed that phenolic compounds of olive oil may exert antiobesity and antineoplastic effects, modulating LPL and FAS gene expression \[[@ref031]\].

Our present findings, detected in mice model that spontaneously develop intestinal polyps, much more underline the link between adipose tissue and intestinal tumor development, supporting all evidences demonstrating a metabolic symbiosis between colon cancer growth and adipose tissue.

It is clear that the beneficial effects of dietary treatment might depend on the source and nature of fatty acids present in diet \[[@ref035]\]. In our experiments, olive oil exerted the greatest effect on CB2 receptor and NOS1 protein expression; this effect was probably due to its high content of MUFAs. Recently, oleic acid, a monounsaturated fatty acid, the main lipid component of virgin olive oil, has been demonstrated to improve endothelial dysfunction in response to pro-inflammatory signals and to reduce proliferation and apoptosis *in vitro*. In addition, oleic acid, being the precursor for oleol ethanolamide, affects endocannabinoid production, increasing their degradation and decreasing food intake and adipose tissue mass \[[@ref037]\]. An inverse correlation between adipose tissue MUFA content and degree of obesity/inflammation has been also demonstrated \[[@ref038]\].

Even if further studies will be need to investigate the role of CB2 receptor and NOS1 in cell proliferation and inflammation of adipose tissue, the present findings open opportunities for developing novel nutritional strategies considering olive oil a key ingredient of a healthy dietary pattern.
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![*Panel A:* CB2 receptor mRNA levels in adipose tissue from Apc^Min/+^ mice treated groups (ST = standard diet; OO = olive oil; OM-3 = omega-3 PUFAs; OM-6 = omega-6 PUFAs supplemented diet) and in the Wilde Type (WT) mice group. Data are presented as the mean±SE of ten animals for each group and expressed as n° molecules mRNA CB2 receptor gene/n° molecules mRNA β-actin. *Panel B:* Western blotting analysis of CB2 receptor protein in the same groups of treatment. Levels of CB2 receptor protein expression were normalized with Glyceraldeide 3-phosphate dehydrogenase (GAPDH) protein expression. \*\*\**P* \< 0.005 (one-way analysis of variance and Dunnett Post Test).](nha-4-nha160008-g001){#nha-4-nha160008-g001}

![*Panel A:* NOS1 mRNA levels in adipose tissue from Apc^Min/+^ mice treated groups (ST = standard diet; OO = olive oil; OM-3 = omega-3 PUFAs; OM-6 = omega-6 PUFAs supplemented diet) and in the Wilde Type (WT) mice group. Data are presented as the mean±SE of ten animals for each group and expressed as n° molecules mRNA NOS1 gene/n° molecules mRNA β-actin. *Panel B:* Western blotting analysis of NOS1protein in the same groups of treatment. Levels of NOS1 protein expression were normalized with Glyceraldeide 3-phosphate dehydrogenase (GAPDH) protein expression. \**P* \< 0.05, \*\*\**P* \< 0.005 (one-way analysis of variance and Dunnett Post Test).](nha-4-nha160008-g002){#nha-4-nha160008-g002}

![LPL (*panel A*) and FAS (*panel B*) enzymatic activity in adipose tissue from Apc^Min/+^ mice treated groups (ST = standard diet; OO = olive oil; OM-3 = omega-3 PUFAs; OM-6 = omega-6 PUFAs supplemented diet) and in the Wilde Type (WT) mice group. Data are presented as the mean±SE of ten animals for each group and expressed as pmol/min/mg total protein. \*\**P* \< 0.03, \*\*\**P* \< 0.005 (one-way analysis of variance and Dunnett Post Test).](nha-4-nha160008-g003){#nha-4-nha160008-g003}

###### 

Sequences of amplification primers

  Gene                       Primer
  -------------- ----------- -------------------------------
  CB2 receptor               
                 Sense       5′-GGATGCCGGGAGACAGAAGTGA-3′
  NOS1           Antisense   5′-CCCATGAGCGGCAGGTAAGAAAT-3′
  β-actin        Sense       5′-GCAGAATGTGACCATCATGG-3′
                 Antisense   5′-ACAACCTTGGTGTTGAAGGC-3′
                 Sense       5′-GCCTCTGGTCGTACCACTGGC-3′
                 Antisense   5′-AGGGAGGAAGAGGATGCGGCA-3′
